The interaction of the noble atoms (Ar and Xe) with single-walled carbon nanotube (SWCNT) bundles are investigated using Raman spectroscopy in conjunction with computational modeling known as ReaxFF force field. SWCNT bundles were deposited on transmission electron microscopy (TEM) grids, and different noble gases were adsorbed onto the nanotubes at 20 K. Raman spectra acquired show significant frequency blueshifts of the radial breathing mode (RBM), G-and G 0 (or 2D)-bands due to gas solidification within the external groove sites (free spaces between the tubes in the bundle) and external surfaces of the bundles. This solid shell formed by the adsorbed gases contributes with a hydrostatic pressure to the system. We show from Raman measurements that the frequencies found after gas adsorption exhibit almost the same shifts indicating that the interactions between SWCNTs bundles and the gases (Ar or Xe) are nearly identical.
Introduction
Single-walled carbon nanotubes (SWCNTs) have attracted intense research interest in the past 20 years [1, 2] . These materials due to their unique structure and remarkable properties have been used in a wide variety of applications [3, 4] . Particularly, SWCNTs could have applications in nanoelectronic devices [5] , gas storage [6] , sensor [7] , medical technologies [8] , and also as novel porous materials for the adsorption of gases [9] . SWCNTs grow in bundles which are held together due to strong van der Waals interactions [10] , and this process creates new types of adsorption sites which are absent in an individual SWCNT, which counts solely with the tube's surface. These new adsorption sites make bundles considerably more reactive to external agents, which could be easily adsorbed to the bundles' effective surface when compared to isolated SWCNTs [11, 12] .
The adsorption of noble gases on SWCNTs is highly important, as these noble species constitute model systems of physisorption, in which atoms are weakly bound to the surface [13, 14] . SWNTs exhibit high surface areas and precisely defined pores, making them very useful materials for gas adsorption and purification [15] .
The inertness of the noble gases typically excludes the possibility of chemical and polar interactions with the surface, and exclusively results in physical absorption mediated by weak surface interactions. A large number of theoretical and experimental studies have been carried out on adsorption of noble gases on various CNTs, single-or multi-walled (closed-or open-ended) [15e19] . Most of the studies on modeling the interactions between atoms and molecules with CNTs are based on density functional theory (DFT) calculations [20] , molecular dynamics (MD) [21] , and Monte Carlo simulations [22] . However, detailed experimental studies using Raman spectroscopy at low temperature have not been reported yet. It is well known that bundles of carbon nanotube exhibit a distribution of tube diameters [11] . Four different adsorptions sites have been identified on heterogeneous bundles of SWNTs [21] : (1) interstitial channels between three adjacent tubes (IC sites); (2) groove sites (G sites); (3) surface sites (S sites) on the curved outer surface of the bundles; and (4) open-ended SWNT bundles within interior adsorption sites (INT). However, the determination of the number of available INT, IC, G, and S sites is a challenging task [23] . Due to their stable thermodynamic and mechanical properties, and also their uniform porosity distribution, SWCNTs have been considered as excellent candidates for gas separation applications [15] . SWCNTs have also been utilized as gas sensors since their electronic properties change dramatically and selectively upon gas adsorption [24, 25] . SWCNTs, however, present a drawback: different types of tubes present different behaviors regarding their electronic and vibrational structures and, to the best of the author's knowledge, growth of unique CNT species with a particular set of properties is still under development. This fact jeopardizes the application of carbon nanotubes in a large scale.
In the present work, Raman spectroscopy was used to investigate the adsorption of noble gases on SWCNTs bundles at low temperature (20 K) . Here, we interpret the shifts in the SWCNT phonon frequencies observed in the Raman spectra due uniform compressions related to Argon (Ar) and xenon (Xe) atoms adsorbed at the surface of the SWCNT bundles. Raman spectroscopy is one of the most sensitive, informative and also nondestructive spectroscopic methods to analyze nanostructures, particularly carbon nanostructures [26, 27] . This technique has proven itself very successful when monitoring phonons in a variety of graphitic materials including graphite, graphene, fullerenes and SWCNTs [28, 29] . Here, significant frequency blueshifts of~4 cm À1 for the Raman RBMbands were observed for both the Ar/SWCNTs and Xe/SWCNTs at 20K, which reveal strong evidence of gas adsorption on the bundled carbon nanostructure. It is worth mentioning that, on the other hand, no significant changes were observed in the mode's linewidth and intensity. The observation of unchanged linewidths and intensities along with the fact that noble atoms are hard to be ionized to receive (donate) electrons from (to) carbon nanotubes, give us a clue that doping is not the reason why the frequency shifts are taking place [30e36]. Moreover, these gas molecules are most often weakly bound to the nanotube structures. Thus, we hypothesize that such weak tube-adsorbate interaction can be well described in terms of surface physisorption, which would uniformly compress the nanotubes. Molecular dynamics simulations seem to agree well with our Raman measurements and, therefore, our explanation hypothesis.
Methods

Experimental section
SWCNTs with an average diameter between 1.3 and 1.5 nm were synthesized using the arc discharge method and used as received (CARBOLEX Inc.). These SWCNTs were sonicated in an aqueous solution for 100 min in five cycles of 20 min each, so that overheating could be avoided. The sonication was performed using an ultrasonic tip processor (at 18 W of power) so that the size of the bundles is reduced. A few drops of the solution were deposited on a transmission electron microscopy (TEM) grid. Each grid was left at ambient conditions until all the water was fully evaporated. Fig. 1 presents high-resolution transmission electron microscopy (HRTEM) images of the SWCNTs bundles acquired with a Joel 2010F electron microscope operating with an accelerating voltage of 200 kV (field-emission source, ultra-high resolution pole piece (Cs ¼ 0.5 mm), 1.9 Å Scherzer limit). By utilizing the TEM images from our samples, we can estimate the bundle size to be on average 14.6 nm with a standard deviation of 6.2 nm. Given that the diameter of these bundles is about 10 times larger than an individual SWCNT, the estimated surface area should be around 300 m 2 /g, which is in reasonable agreement with the measured BET surface area (see Fig. S1 in the supplementary information). Note that it is difficult to determine accurately the number of tubes within a bundle, but the tube configuration can be studied in detail using Raman spectroscopy and Molecular dynamics simulations. The experimental set-up consists of a liquid helium cryostat in which the TEM grid containing the SWCNT bundles, is placed. This plate is pumped with a mechanical-turbo pump. The gas adsorption was performed at 20K and the gas flow was accurately controlled by a mass flow controller (MFC). At this point, Raman spectroscopy on both SWCNTs bundles was performed using a Renishaw inVia microscope-based Raman spectrometer. The spectra were collected in a backscattering geometry using three different excitation wavelengths: 514.5 nm (2.41 eV), 488 nm (2.54 eV), and 785 nm (1.58 eV). The incident beam was focused through the windows of the chamber onto the sample surface with a microscope objective (Olympus 50Â) and the back-scattered light was collected with the same objective. The measurements were performed using very low laser power densities. After several tests, the excitation laser power density was found adequate for magnitudes <0.3 mW/mm 2 . Such low power densities were enough to avoid the effect of laser-heating. In addition, no laser power dependence of the Raman spectra of SWCNTs was observed for power densities <0.3 mW/mm 2 . The schematics of the experimental set-up are shown in the Fig. 2 . For the measurements at 20K under vacuum, the MFC is closed and the pressure inside the chamber is kept around 10 À6 Torr, whereas for the measurements with gas adsorption, the valve of the vacuum pump is closed and the MFC is opened for a few seconds so that the gas is slowly admitted into the chamber increasing the pressure to~10 À3 Torr.
Finally, all of our spectra were carefully fitted with Lorentzian curves after appropriate baselines were taken. No treatments of the raw data, such as smoothening or interpolation/extrapolation were performed. All the frequency values reported here were extracted from the fitting results. Moreover, the fitting procedure was repeated several times in order to increase accuracy. On top of that, the spectrometer we used can measure frequencies with an accuracy of ±0.3 cm
À1
. Therefore, even though the shifts we observe are small, they are real and are consistent.
Computational details
In order to improve our understanding on the influence of a noble gases on the CNT vibrational modes, we simulated the essential features of our experiment. The interaction between all atoms in the system was described using a reactive methodology, the so called ReaxFF force field [37, 38] .
ReaxFF is a reactive force field method developed by van Duin, Goddard III and co-workers, which allows the realization of molecular dynamics simulations in which chemical reactions can occur [37] . ReaxFF has some features that are similar to those found in standard non-reactive force fields. For instance, the energy of the system is divided into several contributions including valence angles, bond stretching, bending as well as non-bonded van der Waals and Coulomb interactions. The difference in comparison to nonreactive force fields resides in the fact that with this force-field, it is possible to describe the bond formation and dissociation (making/breaking bonds) as a function of bond order values. The parameters in the ReaxFF are optimized against DFT calculations and have been widely used in the description of large systems which include carbon atoms as well as other chemical elements [38] . The parameters used in the present work were specially tailored in order to describe the interaction of carbon atoms with noble gases. Molecular Dynamics simulations for low temperatures were carried out using the well-known Verlet algorithm, while the temperatures were controlled with the aid of a Nose-Hoover Thermostat, as implemented in LAMMPS software [39] . Visualizations and images used to assemble the movies (see the Supplementary Materials) were constructed using VMD software [40] .
In the software we are using for the calculations, the Grand Canonical Monte Carlo simulation (properly coded) is not a feature to use when considering the specific reactive potential (ReaxFF). In order to circumvent this problem, we carried many simulations starting with different positions and random number of generator seeds, but with the same particle density and temperature. With these modifications, our results indicate that the final configurations are similar and the effect on vibrational frequencies remains the same. Fig. 3(a) shows the Raman spectra from SWCNTs bundles suspended on a TEM grid under vacuum (10 À6 Torr) at 20K before and after the noble gases adsorption using a 514.5 nm (2.41 eV) excitation wavelength. As labelled in Fig. 3(a) , the most notable features of the spectra are the hydrostatic breathing mode (RBM), the defect-related D-band, the G-band and the G 0 (or 2D)-band. The RBM at 156.1and 178.2 cm
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À1
, highlighted in Fig. 3(b) are upshifted by~2 cm À1 after Ar adsorption. In the G-band region, the higherfrequency G (þ) Raman peak, shows a smaller upshift of~1 cm
while the G (À) presents a upshift of~2 cm À1 [highlighted in Fig. 3(c) ]. It is interesting to note that both the RBM-band and the G (À) features are diameter dependent and since they are most affected by the adsorption, uniform compression hypothesis gain some force here. The G 0 (or 2D)-band at 2684 cm
, as highlighted in Fig. 3(d) , is found to upshift by~2 cm
. The D-band at 1339.7 cm À1 is weak indicating a relatively defect-free tube and this D-band undergoes negligible upshift after gas adsorption. Note that, both the D-and the G 0 (or 2D)-band are inter-valley second order Raman scattering process which involves, respectively, one defect and one phonon and two identical phonon that scatter resonantly to connect inequivalent K and K 0 points back and forth [41] . These phonons are zone-edge phonons, which occur around the K or K 0 points in the Brillouin zone and they are, therefore, more sensitive to perturbations than zone center phonons, which occur around the G point in the Brillouin zone, as it is the case for the RBM-and Gbands.
Indeed, second order processes may be more sensitive to perturbations because: (1) elongation (shortening) of the carboncarbon bonds, which weakens (strengthens) the bonds, will downshift (upshift) the phonon's vibrational frequency. Second order processes involve twice the same phonon with opposite momentum in order to conserve momentum. In other words, if a phonon has frequency of 1000 cm À1 and the frequency changes to 1010 cm À1 (Du ¼ 10 cm À1 ), which means it is increased by 0.01%, such increase of 0.01% would signify Du ¼ 20 cm À1 for a process involving twice such a phonon; (2) for intervalley scattering processes, additional shifts in the frequency can also occur due to relative changes in the slopes of the electronic dispersions around the K and K 0 points, which also change the phonon momentum (changing, therefore, the phonon energy) so conservation can be attained. Such relative changes are not important for first order or intravalley processes in which either K or K 0 is involved; (3) any relative motion of the K and K 0 points themselves can also change the phonon momentum, which would also add extra shifts to the frequency, and (4) the Kohn anomaly observed in the iTO phonon at the K point, associated to the D-and G 0 (or 2D)-bands, magnifies the variations in the phonon frequency with changing the phonon momentum. However, if our hypothesis is valid, and a uniform pressure (a hydrostatic pressure) is taking place, the RBM-and G (À) -bands should indeed be the ones most affected by the adsorption since these two modes are directly related to the tube diameters. In fact, by monitoring the Raman frequencies we see that our experiment corroborates the explanation above and lead us to deduce that the adsorbents will form an external shell surrounding the suspended bundles and, as already discussed in the literature [42e51], this shell contributes with a hydrostatic pressure to the system. Since the hydrostatic pressures may both, harden the carbon bonds and also decrease diameters, the frequencies of the RBM and G (À) -bands . The G 0 (or 2D)-band is also very sensitive to any changes to the vibrational and electronic structures and it also have a significant dependence with the inverse of tube diameter as well (not as strong as the dependences for the RBMand G (À) -band though) [52, 53] . Again, hydrostatic pressures must, therefore, upshift the mode frequency, which agrees well with our observations [see Fig. 3(d) ]. The G (þ) mode is confined to the direction of the tube axis which makes it more insensitive to tube diameters' changes and less susceptible to bond hardenings due to hydrostatic pressures (provided that such pressures are much smaller than 1 GPa, which are the cases of small loads applied by AFM tips [54, 55] and pressure naturally applied by the nanotubes environment [42e44], which explains the low frequency upshifts observed to this mode (see Fig. 3(c) ). In fact, the environment (that is, the adsorbed atoms) likely makes a rigid cylinder around the tubes and the cylinder walls are responsible for applying the pressures. Such mechanism was discussed by Araujo et al.
[42e44]. The frequencies found after Xe adsorption at the same conditions [see Fig. 3 (b)e(d)] exhibit almost the same shifts indicating that the interactions between SWCNTs bundles and either Ar or Xe gases are very close at low temperatures and the difference of masses between the two atoms seems not to be very important to describe the behavior of the frequencies upshifts. The masses differences will likely manifest in temperature-dependent experiments, in which the temperatures are increased from 20K to higher values. Indeed, the bigger the mass the harder the atoms start to acquire enough kinetic energy to overcome potential energy keeping them at the adsorption sites [56e58].
In order to accurately interpret our experiments, we conducted simulations based on ReaxFF force field atomistic computational models as illustrated in Figs. 4 and 5 . Using the adsorption model as represented in Fig. 4(a) e(e), we were able to simulate and study the behavior of an isolated CNT at 20K in vacuum as well as immersed in a noble gas atmosphere. In Fig. 4 , representative snapshots of the simulation conducted are shown. Namely, Fig. 4(a)e(c) show the initial snapshots of closed and open-ended CNTs, respectively, while 4(b) and 4(d) show the final snapshots of the same simulations, that considered (10,10) CNTs immerse in Ar atmosphere. Fig. 4(e) illustrates the cross-section of the open-ended CNT studied, evidencing the presence of some atoms inside the tube and also demonstrating the adlayer formation of frozen Ar on the external surface of the nanotube. Fig. 4(f) , on the other hand, shows a representative shifting in the frequency peaks due to Ar adsorption at low temperatures, when the system was cooled down to 20K. Our calculations included also the dynamics of CNT bundles, as illustrated in Fig. 5 , in vacuum and in noble gas atmospheres. In both, single CNT or CNT bundle systems we observed an upshift in the most relevant frequency peaks after the adsorption of a noble gas on the nanotube walls and interstitial sites. Naturally, these frequencies upshift will be larger for higher pressures applied by the gas adlayer. In the case of a bundle, our simulations show that there is a higher coverage of the noble gas atoms on the external grooves and on external CNTs, in complete accordance with the hypotheses considered earlier in the text. The detailed formation of this gas coverage on a CNT and on a bundle can be seen in two videos included in the supplementary materials (Figs. S3 and S4) .
It is worth mentioning that both the experimental and theoretical studies suggest that at 20K, the Raman frequencies are upshifted due the gas solidification in the external grooves sites and external surfaces of the carbon nanotube species in the bundle. The shifts obtained are consistent with physical adsorption in which the interactions adsorbate/SWCNTs arise from van der Waals forces. Fig. 6 shows Raman spectra of the same SWCNT bundles suspended on a TEM grid were collected in a backscattering geometry is bigger than that observed in Fig. 3 . It is well known that nanotube bundles contain a distribution of different nanotube diameters and in this case the excitation laser energy is in resonance with a tube probably located on the external surface of the bundle. These tubes exhibit higher gas coverage and therefore greater upshift in the RBM frequency. In general, we observe that regardless of the laser excitation, the behavior observed for the Raman features, the RBMband, the G (À) -and G (þ) -bands and the G 0 (or 2D)-band, are consistent with the theoretical discussion presented above for carbon nanotube systems under hydrostatic pressures. This observation is important because we gain the capability of selectively probing different regions of the bundles and, therefore, probing different sites of adsorption. Note that an interesting resonant effect is observed after Xe is adsorbed at the SWCNTs at 20 K (see Fig. 6(a) ). Compared to the vacuum and Ar adsorption at 20 K cases, we see that the G 0 (or 2D)-band is more intense for the Xe adsorption case. In fact, Xe in the solid phase has the highest dielectric constant when compared to Ar and Kr in the solid phases, which have similar dielectric constants [59] . It is know that the energy transitions of SWCNTs, which are excitonic in nature, decrease (increase) as the dielectric constant of its environment increases (decreases). This effect is well discussed by Araujo et al. [43e45] . Therefore, the authors believe that this dielectric constant difference between Xe and the other two systems (Ar and Kr) is what triggers this resonant enhancement. Xe happens to offer the environment that lowers the transition energies enough to bring the SWCNT observed into a strong resonant regime with the 488 nm laser line. On the other hand, Ar and Kr do not lower the transition energies enough to bring the SWCNT observed to a strong resonant regime with the same laser line.
As a proof of concept we excite the bundles with an excitation wavelength of 785 nm (1.58 eV). By exciting the bundles with the 785 nm excitation wavelength, we hypothesize that, opposite to the outermost tubes in the bundle, which were excited with the 488 nm wavelength and had a high density of adsorbates at their surface, the innermost tubes in the bundle will be less susceptible to gas adsorption. The results of this experiment are shown in Fig. 7 . The absence of upshifts after gas adsorption for both Ar and Xe, indicates that this laser line is in resonance with nanotubes located in the internal site of the bundle in which adsorbates face more difficulties to access and get adsorbed. Thus, these inner tubes are considerably less affected by the noble gases adsorption and, therefore, less affected by the hydrostatic pressures induced by these noble gases. Indeed, these innermost tubes seem to be shielded by the outermost tubes and so we can also confirm that the outermost tubes of the bundled assembly will most likely be the species leading the reactions with external agents such as the noble gases above mentioned and other gases.
Conclusions
We have performed Raman spectroscopy measurements at 20K to study Ar and Xe adsorption on suspended SWNCT bundles. The results indicate that the adsorbents will form an external solid shell surrounding the suspended bundles. This shell contributes with a hydrostatic pressure to the system, so that the Raman frequencies are upshifted. The reported measurements are in good agreement with theoretical simulations and show a similar adsorption behavior for both noble gases. Moreover, through a convenient choice of excitation wavelengths, we were able to excite different regions in the carbon nanotube bundles to show that, while the outermost tubes are greatly affected by the adsorbents, the innermost tubes in the bundle seem to be shielded from such adsorbing atoms. 
